Catastrophic landslides cause billions of dollars in damages and claim thousands of lives annually, whereas slow-moving landslides with negligible inertia dominate sediment transport on many weathered hillslopes. Surprisingly, both failure modes are displayed by nearby landslides (and individual landslides in different years) subjected to almost identical environmental conditions. Such observations have motivated the search for mechanisms that can cause slow-moving landslides to transition via runaway acceleration to catastrophic failure. A similarly diverse range of sliding behavior, including earthquakes and slow-slip events, occurs along tectonic faults. Our understanding of these phenomena has benefitted from mechanical treatments that rely upon key ingredients that are notably absent from previous landslide descriptions. Here, we describe landslide motion using a rate-and state-dependent frictional model that incorporates a nonlocal stress balance to account for the elastic response to gradients in slip. Our idealized, one-dimensional model reproduces both the displacement patterns observed in slowmoving landslides and the acceleration toward failure exhibited by catastrophic events. Catastrophic failure occurs only when the slip surface is characterized by rate-weakening friction and its lateral dimensions exceed a critical nucleation length h * that is shorter for higher effective stresses. However, landslides that are extensive enough to fall within this regime can nevertheless slide slowly for months or years before catastrophic failure. Our results suggest that the diversity of slip behavior observed during landslides can be described with a single model adapted from standard fault mechanics treatments.
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landslides | slope failure | rate and state friction | pore-water pressure | effective stress L aboratory experiments (1, 2) and numerical models (3, 4) suggest that for slow-moving landslides that persist over periods of years to centuries (5) the shear strength that resists motion increases with slip rate-a characteristic referred to as rate strengthening-whereas the opposite is true for landslides that exhibit runaway acceleration and catastrophic failure. Two primary mechanisms are invoked frequently to describe the former rate-strengthening behavior. The first characterizes landslide materials as viscoplastic (i.e., Bingham-plastic), so that an increase in velocity corresponds with an increase in strain rate and viscous resistance. These models are able to reproduce field-based measurements of velocity for seasonally active slow-moving landslides (3) . However, this constitutive behavior contradicts measurements that suggest landslide displacement is dominated by frictional sliding along basal and lateral faults (6) ; furthermore, such rheological models are unable to capture the transition from slow sliding to catastrophic failure. The second modeling approach applies Coulomb friction and invokes shear-zone dilatancy to regulate porewater pressure changes so that sliding increases strength because of increases in effective stress associated with small porosity increases (1, 4, (7) (8) (9) . Such models are able to describe both slow sliding and catastrophic failure because dilatant strengthening occurs only until a critical-state porosity is reached; subsequent consolidation can trigger catastrophic failure. Hence, although dilatant effects can be significant in particular cases (10) , their ability to regulate the speeds of repeated slow-moving landslides is diminished if the shear-zone material cannot consolidate gradually between slip events.
Rate-and state-dependent changes in the friction coefficient itself provide an alternative framework for understanding changes in landslide velocity in response to the changes in pore-water pressure that are commonly associated with transient precipitation over a broad range of time scales. Similar descriptions that have been refined over the past 30 y yield successful predictions for a wide range of fault behavior, including stable sliding, slow slip and tremor, and the nucleation of earthquakes (11) (12) (13) . These empirically based models subsume many complex processes that operate along fault zones, and, furthermore, can be parameterized to account for mechanical-hydrologic interactions such as dilatancy (7, 9) . Because the slip surfaces of landslides and faults are both governed by frictional sliding and exhibit similar behavior (14) , a fault mechanics approach might be suitably adapted to predict landslide motion.
We formulated a rate and state friction model that can be driven by transient changes in effective normal stress (i.e., precipitationinduced changes in pore-water pressure) to describe both slow (characterized by transient or persistent sliding at low velocities) and accelerating dynamic motion, before the development of significant inertial effects. We perform model simulations at much lower effective stresses than are typically present along faults. This allows us to test rate and state friction model predictions in an unexplored stress regime. We consider an idealized one-dimensional Coulombplastic slip surface embedded in a homogeneous elastic medium ( Fig. 1 ; see Materials and Methods for a brief discussion of slip near Significance A predictive understanding of landslide behavior remains elusive, to the extent that once landslide motion is detected the factors that control whether motion will remain slow or accelerate to catastrophic failure remain uncertain. Here, we adapt standard fault mechanics treatments to present a single model that captures both slow and catastrophic landslide motion. We test model predictions using field, laboratory, and remote sensing observations. The failure mode depends on the material properties and the dimensions of the landslide slip surface relative to a critical size. If the slip surface exceeds this size and has rate-weakening frictional properties then catastrophic failure must occur. However, landslides composed of rate-weakening material are characterized by slow sliding when the critical size exceeds landslide dimensions. a free surface). Although it is generally accepted that the weathered rock and soil that overlies the landslide slip surface does not behave elastically over long timescales or for large displacements, elastic deformation can be significant for small displacement and strain over short timescales (i.e., transient motion) (15) (16) (17) .
The friction coefficient on the landslide sliding surface is described by refs. 18 and 19
where μ 0 is the steady-state friction coefficient at reference velocity v 0 , a and b are friction parameters that control whether μ tends toward higher or lower values as slip rate v changes, and d c is the characteristic slip distance for the evolution of frictional contacts. The state variable θ, which is conceptualized as the average life span of a set of frictional contacts, evolves according to the Aging (or Dieterich) law where
so that μ = μ 0 + ða − bÞlnðv=v 0 Þ at steady state. Stress balance requires that (20)
where τ d is the driving stress due to gravity, σ′ is the effective normal stress (gravitational load minus pore-water pressure), G is the shear modulus, ν is the Poisson ratio, v s is the shear-wave speed, and the integral dependence on dδ=dξ accounts for the elastic forcing associated with spatial gradients in slip along the sliding surface at local coordinate x. The first term on the right is the frictional stress and the second is the "radiation-damping" approximation for inertial effects, which become important only when the slip rate approaches v dyn ∼ 2σ′av s =G (21) . Additional model details are contained in Materials and Methods and SI Materials and Methods. The elastic stress term in Eq. 3 accounts for the resistance to differential motion associated with longitudinal compression at grain contacts (i.e., the landslide is not modeled as an isolated block on a slope). Gradients in slip along the sliding surface are commonly observed in landslides (22) . By considering the associated elastic interactions we are able to explore feedbacks between sliding velocity and both localized and spatially extensive stress perturbations. Although similar formulations have become standard in fault mechanics studies (12, 13, 20) , the inclusion of elastic effects represents a key advance over previous rate and state friction models for landslides that ignore resistance to differential slip (23) (24) (25) (26) . As on tectonic faults, we suggest that whether incipient slip along a landslide surface accelerates or decelerates depends critically on a balance of forces involving both friction and elasticity.
Before presenting illustrative model results, we first review the stability conditions that ultimately determine whether a landslide governed by rate and state friction is capable of gaining significant inertia. Linear stability analysis demonstrates that landslides composed of rate-strengthening material, defined so that the frictional parameters satisfy a > b, will never fail catastrophically (11, 18, 27) . However, landslides composed of rate-weakening material (a < b) have the potential to display both catastrophic (dynamic) and noncatastrophic (slow) motion. For a homogeneous elastic material, the transition from slow to dynamic motion requires that the length L of the slipping surface exceeds a critical nucleation length that is given by (18) 
A nominal range of parameter values compiled from measured properties in soil and rock mechanics experiments is given in Table S1 . When L < h * , reductions in frictional strength with increased sliding velocity are compensated by elastic stresses associated with large strain gradients along the boundaries of the slipping region, whereas when L > h * the combined effects of friction and elastic stresses are ultimately unable to balance the driving stress, so unstable acceleration results. Here, we use our model to examine two types of landslides that are driven by Table S1 . Diagonal lines and kernel density probabilities correspond to measured range of landslide size, calculated as sqrt(landslide area), for a global inventory of soil, rock, undifferentiated landslides (28) and for slowmoving landslides in the Eel River catchment, Northern California (5). Sliding mode corresponds to stable (i.e., noncatastrophic, h * bigger than slipping region) and unstable (i.e., catastrophic, slipping region bigger than h * ). The range of values indicates that for a given effective stress, rate-weakening landslides can display both stable and unstable sliding. Inset shows how seasonal changes in pore-water pressure affect h * .
precipitation-induced changes in pore-water pressure: (i) seasonally active slow-moving landslides and (ii) fast-moving catastrophic landslides. For the slow-moving landslides we ran simulations with rate-weakening, rate-strengthening, and rate-neutral frictional properties; all simulations for the fast-moving landslides were performed using rate-weakening properties.
Results Fig. 2 shows the parameter space for h * combined with a typical range of size and effective stress values for a global distribution of landslides. For a given effective stress, h * can be either larger or smaller than a typical landslide dimension; hence, this firstorder analysis implies that rate-weakening landslides can display both stable and unstable sliding. Paradoxically, Eq. 4 also predicts that landslides driven by transient stress perturbations are somewhat less prone to runaway acceleration during wet periods when motion is most common, because h * increases with decreases in effective stress (Fig. 2, Inset) . This finding can be particularly important for understanding the behavior of landslides that are at or near the critical nucleation length.
To investigate seasonally active slow-moving landslides, stress perturbations were chosen to mimic precipitation-induced seasonal fluctuations in pore-water pressure measured at the Cleveland Corral (29) and Minor Creek landslides (30) in Northern California (Fig. 3 and Materials and Methods). These landslides display distinct seasonal velocity changes, with periods of increased velocity that correspond to periods of elevated porewater pressures. Numerous other landslides in this region (31, 32) , and elsewhere that similar environmental conditions (i.e., tectonics, lithology, and climate) prevail, display similar displacement patterns and are likely driven by comparable stress perturbations (3, 33, 34) .
Our model successfully reproduces the general patterns of displacement that are observed. Each modeled landslide displays an instantaneous velocity increase in response to the imposed decrease in effective stress ( Fig. 3 and Movie S1). The ensuing period of acceleration is followed by a longer period of deceleration. Changing the rate-dependent properties (Eq. 1) results in slight differences in the timing and magnitude of the seasonal displacement (Fig. S1 ). These relatively minor changes suggest that the frictional rate dependence plays a secondary role in governing the overall landslide behavior in this regime. Importantly, we used the field data to determine only the timing and magnitude of realistic stress perturbations; we did not calibrate the parameters in our highly idealized model to optimize the fit to displacement data.
Further insight comes from examining the time-dependent friction coefficient μ (Eq. 1), and the resisting stress τ R (defined as effective stress multiplied by the friction coefficient), at fixed locations along the landslide base ( Fig. 3 B and E) . During periods of enhanced seasonal motion, the resisting stress and friction coefficient generally track the landslide velocity due to the "direct effect," which describes the instantaneous strength increase that accompanies faster sliding (35) . This strength increase acts to overcome the strength decrease due to the reduction in effective stress. When the effective stress stabilizes at a constant, lower value during the wet season, the landslide velocity continues to evolve and elastic stress transmission contributes to maintaining the force balance (Fig. S2A) .
To explore how transient stress perturbations can trigger runaway acceleration and catastrophic failure, we ran simulations with rate-weakening material and values of L=h * between 2 and 8. We imposed a gradual reduction in effective stress to simulate deep pore-water pressure changes forced by surface rainfall (Fig. 4B and Materials and Methods). Acceleration begins gradually as the porewater pressure rises and the effective stress decreases, with slow motion persisting for several months before a rapid transition to runaway acceleration (Fig. 4 and Movie S2). During this period of slow motion, the friction coefficient exhibits only a subtle increase due to the direct effect. As the landslide approaches catastrophic failure, rapid velocity increases drive further increases to the friction coefficient until v ∼ d c =θ, which subsequently causes a reduction in frictional strength that cannot balance the driving stress (Fig. 4D and Fig. S2B ). The modeled displacement pattern is similar to the creep-to-failure motion that has been observed before several catastrophic landslides (Fig. S3) (24) .
In model investigations of spatially heterogeneous stress perturbations along the landslide body, we also triggered motion using localized stress perturbations. These stress perturbations can be interpreted as resulting from pore pressure changes facilitated by preferential flow paths (e.g., macropores and deformation cracks) (36) . For model runs in the slow-sliding regime, local stress perturbations trigger seasonal motion that spreads along the sliding surface ( Fig. S4A and Movie S3). The highest peak velocity and cumulative displacement occur along the section of the slip surface subjected to the stress perturbation. Similar behavior occurs for model runs in the dynamic sliding regime, up until the point of catastrophic failure (Fig. S4B ).
Discussion and Concluding Remarks
Although the expression for h * given in Eq. 4 provides a firstorder estimate for the length scale that determines failure mode, previous studies on tectonic faults have shown that multiple length scales can be relevant to earthquake nucleation, including those arising from additional physical interactions, such as dilatancy, and from geometrical and material irregularities (7, 12) . Similar to tectonic faults, there are likely multiple length scales relevant to landslide failure mode, some of which are expected to vary in time (Fig. 2) . Furthermore, landslide failure mode may also depend on the magnitude of the stress perturbation when the slip surface dimensions are close to the critical nucleation length. For example, model simulations with L=h * = 2 display slow sliding if either the stress perturbations are <3.5% of the background effective stress, or they occur along a patch size that is <70% of the sliding surface length L (Figs. S5 and S6). These thresholds decrease as the slip surface length is increased to several times the critical nucleation length (Fig. S6 ). An examination of the sensitivity of landslide behavior to multiple relevant length scales (e.g., landslide length and width) would require a more advanced treatment than the idealized one-dimensional model presented here. The increasing availability of high-resolution digital elevation models (e.g., lidar) and ground surface deformation data [e.g., Synthetic Aperture Radar Interferometry (InSAR)] will enable future studies to address more complicated landslide geometries. When driven by realistic stress perturbations along the sliding surface, our model reproduces deformation patterns observed at landslides and provides insights into the mechanisms that control the mode of failure. Landslides composed of rate-weakening material display both slow (seasonal) and dynamic (catastrophic) sliding, with the character depending on the size of the sliding surface, or slip patch, relative to the critical nucleation length. This is directly analogous to behavior that is well established in fault mechanics, where a similar variety of slip modes is observed (12, 13) . Given that slow-moving landslides occur in a wide variety of lithologic units, we expect many of them to contain rate-weakening material. However, we hypothesize that slow-moving landslides containing rate-weakening material rarely fail catastrophically because the spatial dimensions of their most actively slipping regions are smaller than the critical nucleation length (Fig. 2) .
Although our modeling framework provides a mechanistic interpretation for the boundaries between stable and unstable sliding regimes, the detailed processes by which landslides transition from one regime to the other are less certain. One potential scenario involves a decrease in the characteristic slip distance d c for the evolution of frictional contacts as a result of shear localization (35, 37) , which in turn decreases h * relative to L. Alternatively, we hypothesize that the spatial dimensions of the landslide, or slip patch, may evolve in time until L > h * . Landslides tend to grow until they span from hilltops to channel bottoms (16, 37, 38) . Furthermore, landslides can display distinct kinematic elements that are defined empirically by differences in the timing of motion along the landslide body (39) . These differences in motion may reflect the presence of temporary slip barriers (i.e., strong patches) that are able to contribute disproportionate resistance to the downslope translation of the landslide material (40) . This suggests that landslides that exhibit complex motion, consisting of an ensemble of smaller slip patches that can result from heterogeneity in basal strength, may be less likely to fail catastrophically compared with landslides that exhibit more uniform motion. The Cleveland Corral landslide, which is located within 3 km of two large landslides that failed catastrophically, may provide an opportunity to test this hypothesis. In 1997 the US Geological Survey (USGS) installed a long-term monitoring station in an attempt to capture the transition from slow motion to catastrophic failure (29) . So far the landslide has displayed only seasonal displacement, but when it moves it typically displays complex, nonuniform motion along its entire body. Importantly, the landslide has developed new shear margins and kinematic elements over the past two decades (41) . Our results imply that further landslide growth, as gauged by an evolution toward more uniform motion, may presage catastrophic failure.
Materials and Methods
Rate and State Model. Fig. 1 displays a schematic diagram of the model domain, which parallels well-established rate and state descriptions for the behavior of tectonic faults (12, 13) . We focus on how perturbations to the momentum balance cause variations in the slip velocity v. Accordingly, Eq. 1 is used to capture the empirically based logarithmic dependence of the friction coefficient μ on slip velocity v (35); this necessitates that modeled sliding velocities remain finite at all times, although sliding can proceed at rates that are negligible in comparison with those imposed at the boundaries. The sliding surface is forced to slip at a small rate v upper for x < 0 and at v lower for x > L, where we set v lower = 2v upper for all calculations shown here (Table S1 and Fig. 1) . These boundary conditions can be interpreted to represent steady long-term motion induced by loading due to headscarp slumping at the upper boundary and toe erosion at the lower boundary. The slip-rate gradient is chosen to simulate velocity variations along the sliding surface that are commonly observed (22, 33) . We recognize that many landslides display more complex slip gradients but neglect such complications here to focus upon the most essential underlying controls. For each model simulation, the Table S1 .
sliding surface has constant gravitational driving stress, background effective stress, and frictional properties within the interval 0 < x < L. We use a grid spacing dx = L b =10, which provides sufficient resolution for the Aging law (12) , where
is the nucleation length scale for perturbation-induced slip transients (11, 42) and subscript rw corresponds to rate weakening. We solve Eqs. 1-3 as coupled first-order differential equations in v and θ using ODE solver routines in MATLAB. The elastic stresses are calculated in the Fourier domain where the transformed quantify satisfies
where n is the wavenumber. The forced-slip section is set to a total length of 5L to prevent numerical error in the Fourier domain. To ensure that the initial conditions have minimal influence on the model results, model simulations are run to steady-state sliding before being subjected to stress perturbations. In addition, for the slow-moving landslide model we perturb the stress conditions over multiple consecutive years to confirm the model can reproduce the repeated seasonal velocity changes observed at real landslides (30, 32) . Lastly, we explored two additional commonly used state evolution laws (see Supporting Information, Eqs. S1 and S2 and Fig. S7 ). We found only minor differences in predicted displacement patterns between each set of model simulations.
Elastic Stresses During Landslides. Significant insight has been gained into earthquake mechanics by modeling displacement along one-dimensional faults (i.e., continuous arrays of dislocations) with elasticity (20, 43) . These models combine well-constrained laboratory measurements of friction with dislocation theory and fracture mechanics to quantify stress along a slip surface. However, the effects of elasticity are commonly ignored in landslide models because the material that overlies the landslide slip surface does not behave elastically over long timescales or for large displacements. However, elastic deformation can be significant for small displacement and strain over short timescales. Several studies have accounted for these effects to quantify key features of landslides, including landslide depth (17) and incipient motion (15, 16) . Because our model simulations describe small displacements and gradients in slip rate over short distances, the incorporation of elastic effects is both reasonable and appropriate. We account for elastic stress transmission due to nonuniform slip along the sliding surface. Fig. S2 shows that the elastic stress is relatively small at all time steps and only becomes large in the final moments leading up to runaway acceleration. For model simulations where L=h * < 1, the elastic stress changes during periods of transient slip to account for changes in velocity and frictional strength along the slip surface (i.e., nonlocal accelerations). Thus, the elastic stress is able to compensate for rate-weakening friction and prevent runaway instability. However, when L=h * > 1 the elastic stress cannot compensate for the rate-weakening effects and the driving stress eventually exceeds the frictional strength, leading to runaway acceleration. Our findings suggest that elastic stress transmission provides an important control on landslide failure mode.
Slip Near a Free Surface. The landslides we focus on are deep in comparison with the modeled displacement but shallow in comparison with their alongstrike lengths. This geometrical configuration requires that additional terms be added to the integral of Eq. 3 to account for changes in shear and normal stress that arise from slip near a free surface (see equations 21-25 in ref. 16 ). Studies that have incorporated the free surface into their model simulations in other contexts have found that these effects produce fairly minor differences in the overall model predictions (12, 16) . Similar to the results of these studies, our preliminary calculations with a more computationally challenging elastic formulation that imposes stress-free boundary conditions at the free surface result in changes to the predicted behavior that are of secondary importance to the overall displacement patterns that are our focus here.
Parameter Values. Numerous laboratory investigations have calibrated rate and state friction parameters for a wide range of slip rates, stresses, and materials (35) . However, there are no published rate and state friction parameters from laboratory experiments on landslide material at relevant in situ stress conditions. Because the slip surfaces of landslides and faults are both governed by frictional sliding (14) , we select nominal rate and state parameter values from the fault and soil mechanics literature (Table S1 ) (18, (44) (45) (46) (47) (48) (49) . Because our focus here is on understanding the overall patterns of landslide motion, we consider small errors introduced by uncertainty in parameter values to be acceptable. We note that Lacroix et al. (26) back-calculated a and b using a slider block model to describe field-based measurements of a slow-moving landslide perturbed by a nearby earthquake and found highly unusual values that are 13 orders of magnitude smaller than those typically used (an error in their calculations implies that the values of a and b are actually 10 orders of magnitude lower than the values they published). We view these unusual parameter values with suspicion and suggest that they may be an artifact of their model formulation, which discounted potential effects of variations in effective stress and transient elastic coupling along the slip surface.
Several model parameters differ between our choices for the slow-moving landslide and catastrophic landslide calculations (Table S1 ). Parameters were primarily chosen so that the models produce displacement patterns that have been observed in field and remote sensing studies of landslides (24, 29, 30, 32) . For the slow-moving landslide model runs, we use a larger d c that is consistent with fieldbased estimates of friction parameters on faults (35) . We select μ 0 that characterizes weak, clay-rich materials (45, 46, 48, 49) that are common to slow-moving landslides with well-developed slip surfaces (2) . The shear modulus and shear wave speed are based on values measured for the Jurassic and Cretaceous Franciscan Complex, Northern California (50), a region well known for slow-moving landslide activity (5) , and are notably lower than values reported for deep faults. We chose the length, effective stress, and forced-slip boundary conditions to approximate values from slow-moving landslides in Northern California (22, 29, 30) .
For the catastrophic landslide calculations, we selected parameters that predict creep-to-failure motion similar to field observations (24) . This required higher effective stress and lower d c (i.e., smaller h * ) and significantly lower forced-slip boundary conditions such that the landslide is effectively not moving until perturbed (Fig. 4 and Table S1 ). We use a μ 0 that characterizes rock and soil materials (18, 44, 45, 48, 49) . The shear modulus and shear wave speed are based on values measured in glacial tills that are prone to catastrophic landslides (51) [e.g., the March 2014 Oso landslide in Washington, which killed 43 people (52)]. Model simulations shown in Fig. 4 were run at a nominal scaled slip surface length L=h * = 2. However, we performed additional model simulations with 2 ≤ L=h * ≤ 8 because the ratio L=h * has been found to control the failure mode along faults (12, 13, 53) . Although dynamic motion occurred for L=h * ≥ 2, we did confirm an apparent stress perturbation size threshold that decreases with increasing L=h * (Fig. S6) .
Stress Perturbations. Stress perturbations due to transient pore-water pressure are simulated with spatial and temporal changes in effective normal stress. For the slow-moving landslide calculations, we approximate the timing, magnitude, and duration of transient pore-water pressure using a piecewise linear function that broadly captures the patterns of pore-water pressure change measured in deep piezometers at the Cleveland Corral (29) and Minor Creek landslides (30), Northern California. Pore-water pressures vary by ∼ 40% of the background effective stress (i.e., dry season maximum) at Cleveland Corral and ∼ 10% of the background effective stress at Minor Creek (Fig. 3 C and F) . Field data were digitized from the USGS monitoring website (landslides.usgs.gov/monitoring/ hwy50/yearly.php) and from data presented by Iverson and Major (30) . Data are condensed into a 1-y period. For the catastrophic landslide calculations, we perturb the stress along the sliding surface using a linear function that increases by 5%-15% of the background effective stress (Fig. 4B and Fig. S4D ). In SI Materials and Methods we outline methods to calculate changes in pore-water pressure over shorter timescales and in locations where direct measurements are absent or scarce (Fig. S8) .
Forecasting Landslide Failure Mode. Our theoretical treatment is not yet able to provide predictive insight in more realistic settings. However, our treatment illustrates a framework that can be extended to make these predictions in future studies. Currently, it is possible to broadly identify rate-dependent properties by examining historic landslide inventories. For example, regions with catastrophic landslides must display rate-weakening properties. However, our model framework cannot be used to differentiate material properties at slow-moving landslides. This will require additional data gathered from laboratory experiments on landslide material. Importantly, such experiments must be performed at the appropriate slip rates and stress levels for landslides so that the data can be used to calibrate the rate and state model parameters. Once the model parameters are known for representative landslides, geologic and geomorphic maps can be combined with published landslide inventories to identify areas with similar environmental conditions. This will enable assessments of whether landslides in particular areas are likely to display rate-weakening or rate-strengthening behavior.
Once the rate-dependent material properties are identified, the ratio of L=h * can be estimated using input from high-resolution topographic data. As mentioned in Discussion and Concluding Remarks, more work is needed to determine whether the length scale L that controls motion is most consistent with the total length, total width, or size of a slip patch within a distinct kinematic element. In Fig. 2 we use the square root of the landslide area, which is readily measured from topographic data. h * can be estimated using topographic data and hydrological models to approximate the effective stress along the slip surface.
Finally, to identify active landslides the ground surface deformation of landslide-prone regions must be monitored. Recent advances in remote sensing techniques, such as InSAR and pixel offset tracking, alongside greater availability of space-borne observations, now enable high-resolution spatial and temporal measurements that can be used to quantify hillslope deformation over entire mountain ranges. Combining these measurements with topographic data and the theoretical framework presented here may enable us to forecast the occurrence, failure mode, and timing of landslide events.
